radiation sensitive cellular structures has been remained unknown. Damage to these structures is indispensable for promoting radiation-induced cellular death. 9 It has now been largely agreed that DNA represents the most critical target. However, the impacts of radiation on membrane lipids and proteins should not be disregarded. 11, 12 When radiation is absorbed into biological materials, it may directly collide with critical cellular targets and excite their atoms and electrons. The recent event itself can trigger a chain of reactions that lead to biological alternations. This phenomenon is called the direct action of radiation. 13, 14 Alternately, the beams may collide with atoms or other molecules (especially water) and produce free radicals that can penetrate the cell and damage the sensitive target molecules. This phenomenon is called indirect action of radiation. 15 Free radicals are mediators not coupled with an electron orbit. An electron orbital not only spins around the nucleus but also around its own axis. 16 This electron circulation may be either clockwise or counterclockwise. In one atom with a pair of electrons, the electron spins are in parallel with one electron spinning clockwise and the other in the opposite direction. Regardless of whether the atom or molecule is electrically neutral or ionized, this chemical mode produces a lot of chemical stability.
17
The Effects of Radiation on DNA Ionizing radiation may release much of their energy near the DNA molecule and cause serious damages to either single or double strands of DNA. 18 If a cluster of these events occurs within a 2 nm diameter of helical DNA, it is likely that both DNA strands will be broken. 19 In the case of low-level beams, a linear and dose-dependent fracture response has been noted to double-stranded DNA. 20 The fracture of double-stranded DNA leading to DNA dissociation is warranted in particular when the fracture is larger than 5 nucleotides long. However, the doublestranded DNA damages occur in the ratio of 1: 50 in the favor of single-strand defects. 21 Whether the DNA damage is double-or single-stranded, cells are able to repair both types of damages over a short period of several hours (Table 1 ). In the case of singlestranded DNA injuries, one of the 2 DNA strands serves as a transcription template which lowers the rate of error, rendering this type of repair error-free. 25 On the other hand, in the case of double-stranded DNA fractures, a number of nucleotides may be incompletely removed from each of the two DNA strands, so that only a part of the two-stranded defects caused by ionizing radiation is fully and correctly repaired. Accordingly, these unfixed alternations may ultimately lead to sustained cellular damages, DNA mutations, carcinogenesis, and tumor development.
22-24

Radiation-Induced Bystander Effect
High dose radiations can expose excess energy to human body, thereby inflicting destructive effects on the living tissues. 26 Since the discovery of radiation, the biological effects of radiation has extensively been studied regarding the effects of different doses, dose rates, and types of radiations. 27, 28 These data are largely derived from medical experiments and instruments such as radiation therapy, radiation accelerating devices such as cyclotron, radiation accidents from the nuclear power industries and nuclear weapons, 29, 30 and finally from experiments conducted on animals. 31 A recently-suggested phenomenon participating in adaptive responses to radiation is the bystander effect in which radiated cells alter the biology of their surrounding environment. The radiation effects observed in neighboring cells include cell death, chromosomal defects, genetic and gene expression changes, cell cycle delay, genomic instability, and neoplastic transformation. The mechanisms underlying the impacts on neighboring cells are obscured. There is a vast amount of literature on this subject, however, no definitive conclusion could yet be reached. 32, 33 Researchers believe that target cells communicate with their neighboring cells by releasing soluble materials or through cellular contacts, thereby causing them to eventually react to these effects. 34, 35 Some evidence suggests that these messenger molecules should be able to cross the gap between cells. Correspondingly, some of these mediators have been found as reactive oxygen species (ROS), nitric oxide (NO), cytokines, and growth factors which contribute to these cellular communications and act as the neighboring messengers.
36
The Role of NO and ROS The NO molecule is made by the conversion of L-arginine to L-citrulline in the presence of NADPH and oxygen. Sphingomyelinase, which is present in the cell membranes, stimulates the production of NO in the cells exposed to ionizing radiation. 37, 38 On the other hand, the TP53 molecule inhibits NO production in irradiated cells. Nevertheless, in the cells containing mutated TP53 gene, the NO molecule can effectively be produced. NO mainly acts through a dose-dependent manner. At high concentrations, NO and its derivatives (such as ONOO and N 2 O 3 ) can promote cell death by inducing DNA damage. 39, 40 However, at low concentrations, NO prevents apoptosis 41 and stimulates cell growth. 42 ROS, superoxide, hydrogen peroxide, and hydroxyl are produced in the presence of oxygen in the cells exposed to radiation. These mediators can subsequently promote damages to cellular components such as DNA, lipids, and proteins.
Considering the roles of NO and ROS in cell damage, many studies have been conducted to determine their impacts in producing the bystander effect. 43, 44 Two approaches have been adopted to scrutinize the effects of these mediators in radiation-induced bystander effect. In the first approach, the concentration of NO or ROS is measured in the target and adjacent cells in order to determine whether or not the production of NO or ROS in surrounding cells is induced by irradiated cells. In the second approach, the NO and ROS inhibitors are employed to evaluate their effects in inducing the bystander effect.
Cytokines and Growth Factors
Cytokines and growth factors can regulate cell proliferation, differentiation, and death. These molecules play a leading role in preventing neoplastic transformation by provoking an integrated response to complex environmental stimuli. 45 Likewise, these mediators can contribute as secondary messengers to integrate cellular adaptive responses to ionizing radiation and develop the by stander effect. Studies have shown that transforming growth factor β 1 (TGFβ1) can promote similar effects against ionizing radiation in cultured cells, highlighting this growth factor as a potent bystander effect mediator (Figure 2 ). 46, 47 Other studies have also suggested that TGFα, tumor necrosis factor α (TNFα), TGFβ1, and interleukin 8 (IL-8) can promote the bystander effect. 48, 49 In this regard, another study indicated that there was a relationship between the NO production and TGFβ1 level, proving an indirect role for NO in induction of bystander effect by triggering TGFβ1 in irradiated cells. 50 TGFβ1 is a relatively stable molecule which can easily penetrate into the intercellular matrix and in this way, reach neighboring cells and alter their biological functions partly by regulating cellular signaling and calcium-dependent pathways.
Radiation-Induced DNA Damage as a Bystander Effect
Formation of H2A histone family member X (γH2AX) foci, double-strand break (DSB) in DNA, chromosomal fractures, and cellular death in cells surrounding the irradiated cells indicate DNA molecule as a main target in bystander effect. Nonetheless, the γH2AX foci may also be formed by the influence of ROS over neighboring cells. 51 It has been shown that the number of γH2AX foci has been higher in the cells neighboring to radiation-exposed cells rather than normal cells. 52, 53 This observation indicates the role of bystander effect in the DSB formation in neighboring cells. Increased concentration of DNA-dependent protein kinase (DNA-PKC) molecules involved in DSB regeneration is another evidence confirming the DSB formation in neighboring cells. 54 Accordingly, chromosomal fractures have also been reported as a bystander effect in the cells surrounding radiation-exposed cells. Regardless of these, whether bystander effects on DNA and chromosomes are directly induced by radiation or indirectly by some unknown mediators needs to be further investigated. 53 
Radiation, Microenvironment, and Carcinogenesis
Understanding the bystander effect is further expanded by acknowledging the fact that the ionizing radiation may directly act through collision with the cells or their microenvironment. Scientific findings have shown that ionizing radiation has multicellular and multifactorial effects on cells and the microenvironment. 55, 56 Cellular microenvironment plays an essential role in the interactions of cells with each other and with other extrinsic factors. These interactions can regulate the cellular growth, proliferation, differentiation, and death by augmenting cell-environment interactions.
Extracellular matrix is a main microenvironment which affects irradiated cells. Radiation can trigger release of soluble materials such as proteases, cytokines, growth factors, and chemokines, which subsequently leads to tissue and extracellular matrix stress, thereby affecting cell-microenvironment interactions. 57, 58 Noticeably, adaptive responses to microenvironmental damage can restore the damage, maintain homeostasis, and eventually recover cell-microenvironment Other studies have also suggested that TGFα, tumor necrosis factor α (TNFα), TGFβ1, and interleukin 8 (IL-8) can promote the bystandereffect. 48, 49 In this regard, another study indicated that there was a relationship between the NO production and TGFβ1 level, proving an indirect role for NO in induction of bystander effect by triggering TGFβ1 in irradiated cells. interactions. Factors other than ionizing radiation such as ROS, TGFβ1, and cancerous cells' microenvironment can also affect the microenvironment and produce effects similar to that produced by radiation ( Figure 3 ). [59] [60] [61] [62] [63] Conclusively, it seems that microenvironmental impairment participates as a main route through which radiation may promote its effects on biological systems. Accordingly, the role of microenvironment alternations has been demonstrated in inducing bone marrow failure in the production of blood cells following acute radiation. 64 Furthermore, microenvironment of irradiated cells containing molecular messengers (such as ROS, NO, cytokines, growth factors-i.e. TGFβ1) has been reported to reproduce bystander effects in non-irradiated cells.
In particular, TGFβ1 molecule produced by stromal cells can impart an important role in regulating microenvironmental bystander effects. [65] [66] [67] [68] [69] The role of this molecule in three processes of maintaining tissue stability, responding to radiation, and developing bystander effect further confirms a link between the bystander effect and the microenvironmental response to radiation.
Conclusion
While high-dose radiation can promote direct damage to cellular components such as DNA, low-dose radiation can alter cellular communications by projecting the bystander effects. The study of radiation effects on genetic and epigenetic alternations in different cancers by suitable molecular techniques is highly recommended. Furthermore, identification of potential mediators exerting the bystander effects can boost our knowledge in radiation-induced adaptive responses.
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